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Flexible Laser-Induced Graphene for Nitrogen Sensing in Soil
Abstract
Flexible graphene electronics are rapidly gaining interest, but their widespread implementation has been
impeded by challenges with ink preparation, ink printing, and post-print annealing processes. Laser-induced
graphene (LIG) promises a facile alternative by creating flexible graphene electronics on polyimide substrates
through a one-step laser writing fabrication method. Herein we demonstrate the use of LIG, created through a
low-cost UV laser, for electrochemical ion selective sensing of plant-available nitrogen (i.e., both ammonium
and nitrate ions: NH4+ and NO3-) in soil samples. The laser used to create the LIG was operated at distinct
pulse rates (10, 20, 30, 40, and 50 ms) in order to maximize the LIG electrochemical reactivity. Results
illustrated that a laser pulse rate of 20 ms led to a high percentage of sp2 carbon (77%) and optimal peak
oxidation current of 120 uA during ferricyanide cyclic voltammetry. Therefore, LIG electrodes created with a
20 ms pulse rate were consequently functionalized with distinct ionophores specific to NH4+(nonactin) or
NO3- (tridodecylmethylammonium nitrate) within polyvinyl chloride (PVC)-based membranes to create
distinct solid contact ion selective electrodes (SC-ISEs) for NH4+ and NO3-ion sensing respectively. The
LIG SC-ISEs displayed near Nernstian sensitivities of 51.7 ± 7.8 mV/decade (NH4+) and -54.8 ± 2.5 mV/
decade (NO3-), detection limits of 28.2 ± 25.0 uM (NH4+) and 20.6 ± 14.8 uM (NO3-), low long-term drift
of 0.93 mV/hr (NH4+) sensors and -5.3 μV/hr (NO3-) sensors and linear sensing ranges within 10-5-10-1 M
for both sensors. Moreover, soil slurry sensing was performed and recovery percentages of 96% and 95% were
obtained for added NH4+and NO3-, respectively. These results, combined with a facile fabrication that does
not require metallic nanoparticle decoration, make these LIG electrochemical sensors appealing for a wide
range of in field or point-of-service applications for soil health management.
Keywords
graphene, solid-contact ion selective electrode (ISE), soil fertilizer, potentiometry, precision agriculture
Disciplines
Agriculture | Bioresource and Agricultural Engineering | Mechanical Engineering | Nanoscience and
Nanotechnology | Organic Chemistry
Comments
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for
publication in ACS Applied Materials and Interfaces, copyright © American Chemical Society after peer review.
To access the final edited and published work see DOI: 10.1021/acsami.8b10991. Posted with permission.
Authors
Nate T. Garland, Eric S. McLamore, Nicholas D. Cavallaro, Deyny Mendivelso-Perez, Emily A. Smith, Dapeng
Jing, and Jonathan C. Claussen
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/me_pubs/295
1Flexible Laser-Induced Graphene for Nitrogen 
Sensing in Soil 
Nate T. Garland
1
, Eric S. McLamore
2
, Nicholas D. Cavallaro
2
, Deyny Mendivelso-Perez
4,6
,
Emily A. Smith
4,6
, Dapeng Jing
5
, Jonathan C. Claussen*
,1,6 
1
Mechanical Engineering Department, Iowa State University, Ames, Iowa 50011, USA 
2
Agricultural and Biological Engineering Department, Institute of Food and Agricultural 
Sciences, University of Florida, Gainesville, Florida 32611, USA 
4
Chemistry Department, Iowa State University, Ames, Iowa 50011, USA 
5
Materials Analysis and Research Laboratory, Iowa State University, Ames, Iowa 50011, USA 
6
Ames Laboratory, Ames, Iowa 50011, USA 
Corresponding Author: jcclauss@iastate.edu 
KEYWORDS: graphene, solid-contact ion selective electrode (ISE), soil fertilizer, 
potentiometry, precision agriculture 
Page 1 of 29
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 2
 
ABSTRACT 
Flexible graphene electronics are rapidly gaining interest, but their widespread 
implementation has been impeded by challenges with ink preparation, ink printing, and post-
print annealing processes.  Laser-induced graphene (LIG) promises a facile alternative by 
creating flexible graphene electronics on polyimide substrates through a one-step laser writing 
fabrication method.   Herein we demonstrate the use of LIG, created through a low-cost UV 
laser, for electrochemical ion selective sensing of plant-available nitrogen (i.e., both ammonium 
and nitrate ions: NH4
+ and NO3
-) in soil samples.  The laser used to create the LIG was operated 
at distinct pulse widths (10, 20, 30, 40, and 50 ms) in order to maximize the LIG electrochemical 
reactivity.  Results illustrated that a laser pulse width of 20 ms led to a high percentage of sp2 
carbon (77%) and optimal peak oxidation current of 120 uA during ferricyanide cyclic 
voltammetry. Therefore, LIG electrodes created with a 20 ms pulse width were consequently 
functionalized with distinct ionophores specific to NH4
+ (nonactin) or NO3
- 
(tridodecylmethylammonium nitrate) within polyvinyl chloride (PVC)-based membranes to 
create distinct solid contact ion selective electrodes (SC-ISEs) for NH4
+ and NO3
- ion sensing 
respectively. The LIG SC-ISEs displayed near Nernstian sensitivities of 51.7 ± 7.8 mV/decade 
(NH4
+) and -54.8 ± 2.5 mV/decade (NO3
-), detection limits of 28.2 ± 25.0 uM (NH4
+) and 20.6 ± 
14.8 uM (NO3
-), low long-term drift of 0.93 mV/hr (NH4
+) sensors and -5.3 µV/hr (NO3
-) 
sensors, and linear sensing ranges within 10-5-10-1 M for both sensors.  Moreover, soil slurry 
sensing was performed and recovery percentages of 96% and 95% were obtained for added NH4
+ 
and NO3
-, respectively.  These results, combined with a facile fabrication that does not require 
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metallic nanoparticle decoration, make these LIG electrochemical sensors appealing for a wide 
range of in-field or point-of-service applications for soil health management. 
INTRODUCTION 
Graphene-based electronics offer great promise for a wide variety of applications, 
including supercapacitors and batteries,1 graphene tattoo sensors,2 and other flexible electronics3 
due to the unique material properties of graphene such as high flexibility, electrical and thermal 
conductivity, and tensile strength.4  Challenges with realizing graphene-based electronics lie in 
relatively complex fabrication procedures, which have generally included chemical vapor 
deposition (CVD) and/or complex substrate transfer techniques. CVD synthesized carbon 
nanomaterials (carbon nanotubes or graphene) often require pre-patterning a surface with metal 
catalysts (e.g., nickel, cobalt or iron) and carbon growth within a high temperature (up to 
1000°C), low pressure vacuum environment injected with carbon precursor gases.5-8  However, 
alternative scalable manufacturing protocols for graphene-based electrical circuits are beginning 
to emerge, including solution-phase printing (inkjet printing,9-10 screen printing,11 dispenser 
printing12) and direct laser scribing,13-14 among others.  Solution phase printing techniques 
generally require an additional post-print processing step such as thermal,15 laser,16 or photonic 
annealing17-18 to improve electrical conductivity.  High-temperature thermal annealing (250-
400ºC10, 19) of printed graphene is used to burn off non-conductive cellulose-based binders and 
solvents as well as to weld or sinter printed graphene flakes.  However, thermal annealing is not 
conducive for use on thermally sensitive polymer or paper substrates.  Others have used photonic 
annealing18 or rapid-pulse laser annealing15 that is conducive for thermally sensitive polymers, 
but similar to annealing technique these methods require an additional post-print processing step 
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that increases the electrode fabrication complexity.  However, a recently discovered, promising 
alternative to printed graphene circuits is laser inscribed graphene (LIG).14, 20-21  
  LIG is a one-step lithography-free process upon which a laser converts sp3 hybridized 
carbon found in substrates such as polyimide into sp2 hybridized carbon—the carbon allotrope 
found in graphene.  LIG is a versatile technique that has been used to produce graphene films 
that are superhydrophobic,22 doped with metal oxide nanocrystals,20 functionalized with 
polymer,21 or developed into vertically-aligned graphene fibers.23  Typically, a rapid pulse 
(femtosecond), infrared laser is used to selectively transform distinct regions or patterns of 
polyimide film (Kapton tape) into sp2 hybridized carbon, viz., porous graphene.24-26  This laser 
processing technique can be performed in air at room temperature without the need for prior 
patterning of the substrate with a metal catalyst or the need for chemical etching/cleaning 
techniques associated with CVD graphene fabrication.5, 27  This facile LIG manufacturing 
protocol also eliminates the need for ink preparation, ink printing, and post-print annealing 
processes associated with solution-phase printed graphene.9, 28-29 The utility of LIG has been 
displayed in numerous applications including supercapacitors,14, 22, 30-31 non-biofouling 
surfaces,32 transparent heaters33, and more recently, electrochemical sensors.25-26, 34-35 For 
example, a non-enzymatic amperometric glucose sensor comprised of LIG functionalized with 
Cu nanocubes was used to selectively measure glucose over a wide concentration range (25 µM–
4 mM), which is physiologically relevant to glucose levels in saliva, tears, and blood.34 In 
another report, a LIG electrode was used to monitor electroactive small molecules, including 
ascorbic acid (AA), dopamine (DA), and uric acid (UA) via cyclic voltammetry and differential 
pulse voltammetry.25 Other recent biosensor examples include a LIG aptasensor developed for 
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thrombin26 and a LIG biosensor for biogenic amines based on a nanocopper-diamine oxidase 
hybrid material35. However, ion sensing using LIG has yet to be demonstrated. 
In this work, we demonstrate the first use of LIG for ion sensing by developing a solid-
contact ion-selective electrode (SC-ISE).  In addition, LIG is produced in this research by using a 
low cost ($100) consumer grade UV laser instead of a higher power, much more expensive CO2 
IR laser used in previous studies20, 22-26, 32, 34.  UV lasers exhibit lower absorption and 
photothermal heating within the polyimide substrate, and consequently as shown herein, produce 
carbon structures that are a heterogeneous matrix of graphene and amorphous or graphitic carbon 
and less graphene-like then LIG produced with a CO2 IR laser.  However, given the intended use 
case of in-field, low cost sensors, the UV laser was utilized in this study.  Cyclic voltammetry 
(CV), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and Scanning Electron 
Microscopy (SEM) characterization reveal that the laser scribing pulse width (10, 20, 30, 40, 50 
ms) significantly alters the structure and electroactive nature of the LIG-based electrodes.  The 
developed LIG electrodes are converted into SC-ISE by functionalization with a PVC membrane 
containing an ionophore specific to NH4
+ (nonactin) or NO3
- (tridodecylmethylammonium 
nitrate).  The resulting nitrogen SC-ISE sensors display a near Nernstian sensitivity of 51.7 ± 7.8 
mV/decade (NH4
+) and -54.8 ± 2.5 mV/decade (NO3
-), detection limit of 28.2 ± 25.0 uM (NH4
+) 
and 20.6 ± 14.8 uM (NO3
-),  linear sensing range of 10-5-10-1 M, and relatively low long term 
drift (0.93 mV/hr for NH4+ sensors and -5.3 µV/hr for NO3
- sensors). The LIG ion sensors were 
used to measure NH4
+ or NO3
- in a complex matrix (soil slurry) with an average signal recovery 
of 96 ± 14 %.  In soil column tests, transport of NH4
+ and NO3
- followed expected trends, where 
higher retention was obtained for soils with low ion content and vice-versa. The recovery rate for 
LIG sensors was higher than 95% for all studies in complex soil matrices (nitrogen rich, and 
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nitrogen poor soils), paving the way for future development of bury-and-forget soil nitrogen 
sensors. 
 
MATERIALS AND METHODS 
LIG Electrode Fabrication 
All chemicals used in the ISE membrane were obtained from Sigma-Aldrich. LIG 
electrodes were prepared with a standard high temperature Kapton tape adhered to Epson printer 
paper (Kapton tape was placed on the emulsion side of the photo paper) followed by treatment 
with a 405 nm 1W pulsed laser on two-dimensional stepper motors (HTPOW). The overall 
geometry (25.8 mm in length with a circular working area with diameter of 5.3 mm) of each 
electrode was first developed using computer aided design.  The laser pulse width governed the 
laser energy density per software provided with the equipment.  The pulse width is defined by 
the manufacturer as the length of the laser pulse at each raster step. Laser pulse widths of 10, 20, 
30, 40, and 50 ms were tested in an effort to maximize the electronic and electrochemical 
properties of the LIG electrodes.  After laser graphitization of the polyimide, the LIG electrodes 
were passivated with an insulating lacquer, except for the 5.3 mm diameter region that acted as 
the working electrode (see Figure 1). Passivation prevented electrode short circuiting and non-
specific binding during electrochemical sensing.25-26, 34 
 
LIG Functionalization for Ion Selective Sensing 
After graphitization of the polyimide, the LIG electrodes were functionalized with solid-
contact ion selective membranes (SC-ISM).  The LIG electrodes were functionalized with either 
a NH4
+- or NO3
-- selective SC-ISM.  NH4
+ ionophore cocktail was prepared by mixing nonactin, 
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tetrakis-(4-chlorophenyl)-borate, dioctyl sebacate, and polyvinyl chloride (PVC) (1/0.5/33.2/65.3 
% wt, respectively) for a total mass of 100 mg.  The NO3
- cocktail contained 0.25% (wt) 
methyltriphenylphosphonium bromide, 1.93% (wt) nitrocellulose dissolved in 35% 2-propanol, 
16.25% (wt) 2-nitrophenyl octyl ether, 5.75% (wt) PVC, 74.32% (wt) tetrahydrofuran (THF), 
and 1.5% (wt) tridodecylmethylammonium nitrate.  SC-ISM cocktails were dissolved in 1 mL 
THF followed by vortex mixing for ~1 min and overnight refrigeration to ensure homogeneity.  
To prepare SC-ISM on LIG, a 30 µL aliquot of the ion-selective cocktail was drop cast onto the 
working electrode and allowed to dry overnight at room temperature in air.  The resulting 
thickness of these ISMs was estimated by SEM imaging of cross sections of the resulting LIG 
ISE (Figure S11 in Supplemental Information).  For n = 9 samples, the average thickness was 
97.9 ± 20.2 µm, which is similar to values reported for similar graphitic SC ISEs.36  The dried 
SC-ISE were then conditioned in either 1mM NH4Cl (NH4
+-selective electrodes) or 1mM KNO3 
(NO3
--selective electrodes) for 24 hours and stored dry at room temperature when not being 
tested. The reference electrodes were comprised of either a commercial 3M Ag/AgCl reference 
electrode (BASi, Inc.) or Ag/AgCl paint35 as noted.   
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Figure 1. (a) Photograph of five LIG SC ISEs on a single polyimide swatch. (b) Illustration of 
SC-ISE ion sensing.  (c)  Representative electrode used in soil column studies.  Passivated 
regions are shown, as well as bonding pads, working electrode, and reference electrode.   
 
Spectroscopic Characterization 
A range of material characterization tests were performed to determine the laser energy 
density that led to the largest increase in the electroactive nature of the LIG.  Laser pulse widths 
of 10, 20, 30, 40, and 50 ms were tested. SEM images were taken using a FEI Quanta 250 FE-
SEM (Thermo Fischer) at a magnification of 50X, 150X, and 500X. LIG samples were imaged 
after metal sputter coating.  X-ray photoelectron spectroscopy (XPS) measurements were 
performed using a Kratos Amicus/ESCA 3400 instrument. The sample was irradiated with 240 
W umonochromated Mg Kα x-rays, and photoelectrons emitted at 0° from the surface 
normal were energy analyzed using a DuPont type analyzer. The pass energy was set at 150 eV 
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and a Shirley baseline was removed from all reported spectra. CasaXPS was used to process raw 
data files.  Raman spectroscopy measurements were performed using an XploRa Plus confocal 
Raman upright microscope equipped with a 532nm excitation source (2 mW at the sample) and a 
Synapse EMCCD camera (Horiba Scientific/NJ, France). A 50X air objective (Olympus, 
LMPlanFL) with a 0.5 numerical aperture was used to collect Raman images in the epi-direction. 
Raman mapping was performed over an area of 20×20 µm2 with a step size of 2 µm. The Raman 
spectrum collected at each pixel was recorded over a spectral range of 600-3300 cm-1 with a 
1200 grooves/millimeter grating that corresponds to an average of 2 measurements with a 15s 
acquisition time.  All data were processed using Igor Pro 6.37 scientific analysis and graphing 
software (Wavemetrics, Lake Oswego, OR, USA).  The spectra were fit to a Gaussian function 
with a linear baseline using the multi-fit peak function in order to extract peak intensity (height). 
 
Electrochemical Characterization  
Electrochemical tests were conducted using a CHI6273E electrochemical workstation 
(CHI Instruments, USA) or a National Instruments potentiostat37 where the LIG electrode acted 
as the working electrode and an external Ag/AgCl electrode (saturated in 3 M KCl) or a 
Ag/AgCl tape as the reference electrode, as noted. Cyclic voltammetry (CV) scans were obtained 
to characterize the electroactive nature of the distinct LIG electrodes with a 3-electrode set-up 
with a platinum wire acting as the counter electrode.  CV scans were performed from -0.6 V to 
0.8 V in 5mM ferro/ferricyanide solution at a scan rate of 25 mV/s. The LIG electrodes were first 
conditioned by running the CV scans at least 5 times, after which peak oxidation and reduction 
currents/potentials were stable at 25 mV/s before data was obtained. 
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Bending tests were conducted according to our previous work38, using a VEECO FPP-
5000 4-point probe to conduct sample measurements. Average sheet resistance was calculated 
for 9 replicate tests, and percent change in sheet resistance reported for each material tested. 
Contact angle measurements were made using a custom-built goniometer, and image analysis 
was conducted according to our previous work.38 
 
Nitrogen sensing and soil analysis 
LIG SC-ISEs were first characterized for NH4
+ or NO3
- sensing in DI water (pH 7) using 
calibration procedures defined by the International Union of Pure and Applied Chemistry.39  
Stock NH4Cl or KNO3 solution was added to increase the cell concentration in 0.5 log steps over 
the concentration range 10-7 to 10-1 M. Calibration tests were performed 1 to 3 days after 
conditioning in NH4Cl.  To determine response time, an empirical model was fit to the time 
series data for each step addition using the Chi2 method; response time (t95) was calculated as the 
time necessary for the sensor to reach 95% of the total signal (Figure S6 in Supplemental 
Information). In addition, a water layer test40-42 was performed by exposing LIG SC-ISE to a 
0.01 M solution of target ion (NH4Cl or KNO3) for 4 hours, followed by a 0.01 M solution of 
weakly interfering ion (NaCl) for 2 hours, and finally returned to the original solution for 18 
hours while recording potential.  Limit of detection (LOD) was calculated using the 3-sigma 
method (3σ) as previously reported.35 
After calibration in DI water, soil slurries were prepared using a 1:10 (w/w) ratio of soil 
(NAPT Reference Sample 2011-109) to DI water.  After mixing and under continuous stirring 
conditions, the LIG SC-ISE and reference electrode were placed into the slurry.  Stable sensor 
readings were obtained under baseline conditions (no NH4Cl/KNO3 added), and after spiking the 
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slurry with exogenous primary ion solution (10-2 to 10-4 M).  This procedure was repeated three 
times with new soil slurries for each replicate and the calibration curves prepared.  Next, a single 
point measurement was made in a new soil slurry (n =3) by adding 10-3 M NH4Cl or KNO3 to the 
sample. Calibration curves were used to calculate the observed NH4
+ or NO3
- concentration and 
then the value was compared to the expected reading.  Recovery was calculated based on the 
observed and predicted difference in potential following methods common to the literature.  
After validating calibration of LIG in soil slurries, soil column studies were conducted as a proof 
of concept application. 
Soil samples for column studies were obtained from either a field supplemented with 
human urine (Rich Earth Institute, REI), or from a coastal mixed hardwood site (Hapludalfs) 
according to our previous work.43  Hardwood soils were collected from a protected area at the 
University of Florida Whitney Laboratory for Marine Biosciences (Marineland, FL). Five soil 
cores (15 cm deep) were sampled and homogenized to create a composite sample. Soil samples 
were packed into a 5 cm diameter, 25 cm tall clear PVC soil column (490 mL) fitted with a 
commercial pH probe (Fisher), NO3 probe (Vernier, Beaverton, OR) and a NH4
+ electrode 
(Thomas Scientific, Swedesboro, NJ). Jumper wires (Arduino) were fixed to LIG electrodes 
using a conductive glue (0.5:1 g-graphite powder:g-liquid tape). LIG sensors were fixed adjacent 
to commercial probes for all soil column studies (see Figure 5). Finally the columns were 
packed with soil samples and lightly tamped. Different water samples (either DI, 1.0 mM NH4Cl, 
or 0.5 mM KNO3) were added to the inlet manifold at the top of the soil column as noted, and 
output from each electrode was recorded at a sample frequency of 300 Hz. 
 
RESULTS AND DISCUSSION 
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Sensor Development & Material Characterization 
All sensors were fabricated using adhesive Kapton polyimide sheets adhered to Epson 
printer paper (see Materials and Methods).  The polyimide/paper substrate was treated with the 
pulsed UV laser at different pulse widths (10, 20, 30, 40, and 50 ms) to determine how laser 
energy density affected the material properties of LIG and consequently the electroactive nature 
of the material.  First, the morphology of the LIG fabricated at distinct laser pulses was analyzed 
via SEM and displayed a general progressive smoothing of the graphene structure with 
increasing laser pulse width (Figure 2a). More specifically, LIG samples created with a laser 
pulse width of 10 ms were characterized by distinct rounded periodic features with high surface 
roughness.  At laser pulse widths of 20 ms and above, these round nodule features flatten, 
becoming well-fused or continuous at 40 and 50 ms.  Such changes in surface morphology are 
most likely due to the discrete, reduced heat transfer at lower pulse widths versus continuous, 
enhanced heat transfer at higher pulse widths. LIG created with higher pulse widths resulted in a 
relatively smooth, flat structure with lower surface roughness (Rq=14.4µm), while LIG created 
with lower pulses rates in stochastic formation of high surface area nodule structures 
(Rq=30.9 µm) (also see Figure S1 in the Supplemental Information).  These periodic features 
and fused surfaces each featured a high surface area structure, which is similar to other porous 
carbon materials used as transduction surfaces in SC-ISEs25.  At laser pulse widths of 30 ms and 
above, surface cracks were observed, which consequently may have impeded electronic transport 
(see 500x magnification SEM images in Figure 2a and cyclic voltammograms in Figure S5).  
LIG created with laser pulse widths of 20 ms exhibited a relatively well fused surface with 
periodic raised patterning without noticeable cracking.   
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Figure 2. Scanning electron microscopy (SEM) micrographs, Raman spectrograms, and bending 
tests for LIG created with distinct laser pulse widths. Color coding refers to LIG that was created 
with laser pulse widths of 10 ms (black), 20 ms (orange), 30 ms (blue), 40 ms (green), and 50 ms 
(brown). (a) SEM images show smoother LIG surfaces with longer pulse widths but cracking 
above 20 ms pulse widths. (b) Raman spectra indicate a transition from sp3 to sp2 carbon with 
longer pulse widths. (c) Bending tests show low deviation from unbent state at bending radii 
under 30º for pulse widths lower than 40 ms.  Error bars represent standard deviation of the 
arithmetic mean (n=3)). 
 
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were next used to 
analyze the material changes of the LIG with the distinct laser pulse treatments.  The Raman 
spectra displays a prevalent D, G, and 2D band:  the D band (~1343 cm-1) corresponds to the 
disordered-active Raman mode, the G band (~1574 cm-1) due to C-C stretching modes is present 
for all graphitic materials, and the second order Raman feature called the 2D band (~2675 cm-1), 
originated from second order zone-boundary phonons.44 The signal is spatially heterogeneous, as 
revealed by Raman maps collected over 20 µm × 20 µm sample regions (see Figure S5 in the 
Supplemental Information). The average intensity ratio ID/IG is a measure of the disorder and 
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defects and was calculated for each LIG sample (see SI).  The ID/IG (~1) values analyzed from 
the Raman spectra indicate a high degree of disorder in all the LIG electrodes. Additionally, a 
clear 2D band is observed for 10 ms and 20 ms LIG samples. The presence of this 2D band in the 
Raman spectra suggests more complete graphitization of polyimide substrate and formation of 
graphene layers23,33 at shorter pulse widths. I2D/IG average ratios of 0.2 ± 0.1 and 0.3 ± 0.1 were 
calculated using a Lorentzian fitting function for 10 ms and 20 ms samples, respectively. These 
values are consistent with others whom have shown that a pulsed laser can be used to create LIG 
with varying degrees of graphitization of a polyimide substrate.45-46  At longer laser pulse widths, 
the 2D band is not visible in the Raman spectra in combination with a broadened D and G peak 
with low intensity. Thus, further increase in pulse widths degrades the quality of the LIG 
samples, suggesting a laser-induced carbon amorphization as the sample is exposed to longer 
pulse widths.47,24 
XPS was performed to confirm graphene formation and measure sp2 carbon atom 
hybridization percentages for the distinct LIG substrates (see Figure S3 in the Supplemental 
Information).  All laser pulse times displayed similar sp2 percentages, ranging from 76.2-78.3%.  
In particular, the 20 ms laser pulse width sample was 77% sp2.  These results are on par with 
previous reports that have converted sp3 hybridized polyimide to graphitic sp2 via laser 
processing.24-25, 34   
Bending tests (concave) were conducted to investigate sensor flexibility and ensure 
proper sensor function with concave soil column tests (Figure 2c).  Other than the sensors 
fabricated with a 50 ms laser pulse time, all sheet resistance changed by less than 20% for 
bending radii ≤ 30°. For the soil column studies used herein, the bending radius was ~5° (see 
Figure S4 in the Supplemental Information). Based on these results, any of the LIG sensors with 
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a laser pulse time ≤ 40ms are valid for the soil column studies regarding flexibility. The lowest 
sheet resistance (15-20 kΩ/square) was obtained for laser pulse times of 30-40 ms, followed by 
resistance of 30-40 kΩ/square for laser pulse times of 10-20 ms; and ~ 60 kΩ/square for 50 ms.  
For laser pulse times of 40ms and 50ms, cracking was observed at a bending radii of 30° and 15° 
respectively. For laser pulse times below 40 ms, no cracking was observed below a bending 
radius of 45°.  
To further analyze the effect of laser pulse time on electrode electroactivity, cyclic 
voltammetry was used to determine peak current in the presence of a negatively charged redox 
probe (KFeCN6). Cyclic voltammograms (see Figure S5 in the Supplemental Information) 
displayed a quasi-reversible behavior for all LIG electrodes, with the peaks most distinct at a 
laser pulse time of 20 ms.48 Similarly, highest peak current (120 µA) and lowest peak potential 
separation (250 mV) were measured for LIG created with a laser pulse time of 20 ms.  Peak 
current was lowest for LIG created with laser pulse times above 30 ms (~ 40 µA), and 
oxidative/reductive peaks were poorly defined, indicating poor electron transport.  
Based on the analysis of morphology, surface roughness, Raman/XPS spectra, sheet 
resistance during bending, cracking behavior, and peak oxidative current, a laser pulse width of 
20 ms was used throughout the remainder of this study for developing SC-ISE. This laser pulse 
width produced flexible, crack-free, high surface area graphene (77% sp2), with the highest peak 
current (120 µA) among all conditions tested. 
 
Sensor NH4
+
 and NO3
-
 Ion Calibration  
In an effort to quantify individual sensor variability, multiple electrodes from multiple 
fabrication batches were fabricated using the 20 ms laser pulse width and functionalized with 
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NH4
+- or NO3
- selective SC-ion selective membranes (ISMs) (see Materials and Methods).  Open 
circuit potentiometry plots (Figure 3a,c) were used to construct calibration plots using an 
averaged sampling of steady state values at a given concentration.  Sensitivity and detection limit 
(3σ) were calculated from the linear range of calibration plots for each sensor, and average 
response time (t95) was calculated by taking the mean of t95 for individual steps in the linear 
region.  The average sensitivity for NH4
+ electrodes in DI water was 51.7 ± 7.8 mV/decade, and 
the average sensitivity for NO3
- electrodes in DI water was -54.8 ± 2.5 mV/decade.  The sub-
Nernstian slopes are most likely the result of small molecules (H2O, CO2, and O2) that often 
diffuse across polymeric ISMs immobilized on solid contact electrodes and/or the result of 
incomplete ISM conditioning.42  The average limit of detection (LOD) in DI water for NH4
+ 
electrodes was 28.2 ± 25.0 uM and 20.6 ± 14.8 uM for NO3
- electrodes. The average t95 for all 
sensors was 5.9 ± 4.1s (see Figure S6 in the Supplemental Information).   
In preparation for soil column testing, SC-ISEs were further calibrated by measuring 
NH4
+ or NO3
- in a complex soil slurry matrix spiked with NH4Cl or KNO3 (Figure 3b, d).  The 
average slope of the NH4
+ LIG SC-ISE calibration equation in soil slurry for three different tests 
was 55.2 mV ± 3.6 mV/decade and the average slope of the NO3
- LIG SC-ISE calibration 
equation for five different tests was -53.4 mV ± 1.1 mV/decade.  Using this equation, observed 
values for a single point measurement (10-3 M NH4Cl or KNO3) were compared to potential 
values expected at this concentration. The average recovery percentage was 96% for NH4
+ and 
95% for NO3
- (Table S2), which demonstrates excellent sensor accuracy in a complex sensing 
matrix.   
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Figure 3. Open circuit potentiometry plots for NH4
+and NO3
- calibration in DI water and soil 
slurry solutions for the LIG SC-ISEs. NH4
+electrodes in (a) DI and (b) soil slurries. NO3
- 
electrodes in (c) DI and (d) soil slurries.  Solution concentration of NH4
+ or NO3
-  (log10 M) 
superimposed over real time plot in (a-d). 
Experiments were performed to investigate the susceptibility of the LIG ISEs in 
developing an inner water layer (Figure 4).  In SC-ISEs, a detrimental water layer can 
accumulate at the interface of the ion selective membrane and transduction layer (LIG in this 
study).  Previous work40 has suggested that a hydrophobic surface can prevent the formation of a 
water layer.  The measured contact angle of the LIG electrodes created with a 20 ms laser pulse 
width was 80.0 ± 0.65 degrees (indicating a surface that is nearly hydrophobic, see Figure S7), 
and the LIG SC-ISE did not display characteristic detrimental drift42 associated with a water 
layer upon change of solution from primary (NH4
+/NO3
-) to weakly interfering (Na+/Cl-) ions.  
When a SC-ISE develops a water layer, this small volume of water acts a reservoir for ions with 
a composition differing from the solution being measured.  When the measurement solution is 
changed from one containing primary ions (NH4
+/NO3
-) to one containing interfering ions 
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(Na+/Cl-), the water layer must come to equilibrium with the measurement solution that does not 
contain the ions currently in the water layer, resulting in characteristic drift (see ref. 38 for more 
details).    Both NH4
+ and NO3
- LIG SC-ISEs showed minimal drift over ~12 hours (0.93 mV/hr 
for NH4
+ sensors and -5.3 µV/hr for NO3
- sensors) in 0.01 M NH4Cl or 0.01M KNO3, 
respectively.   
 
Figure 4.  Representative water layer test for NH4
+ (a) and NO3
- (b) LIG SC-ISEs.  
Concentration for each indicated solution was 0.01 M. 
 
NH4
+ 
and NO3
- 
Ion Sensing in Soil Columns 
To validate the LIG sensors, soil column studies were conducted with NH4
+ and NO3- 
SC-ISEs adhered to the inside of a 5 cm column and placed adjacent to corresponding NH4
+ and 
NO3 commercial ISE probes (Figure 5).  Electrodes were within 1 cm of commercial electrodes 
and at the same column depth.  
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Figure 5. (a) Photograph of LIG-ISE and commercial nitrogen probe.  Both probes were for 
measuring nitrate in soil column studies. (b) Soil column fitted with commercial soil sensors for 
measuring pH and nitrogen to validate LIG nitrogen sensors. 
 
A sterilized Florida soil (Hardwood) was packed into the column, and DI water was first 
flushed in the column (100 mL) to obtain a baseline measurement. Baseline NH4
+ for LIG and 
commercial electrodes (0.05 mM, and 0.03mM, respectively) were not significantly different; 
similarly, baseline NO3
- for both electrodes (≈ 0.01 mM) was not different (p < 0.0001, α = 
0.05). Next, 1mM NH4Cl or 0.5 mM KNO3 was added to the column in two separate pulses 
(Figure 6a, b). After spiking nitrogen solution, a peak signal was obtained, indicating a stable 
reading for each electrode (noted as “peak”), and then 100mL of DI water was used to flush the 
column while recording sensor output (noted as “flush”).  For all tests, the peak response and 
flush response occurred within 2.5 min of adding solution, and the signal was stable for at least 
60 seconds (in some tests the electrode began to dry after reaching steady state). The average 
baseline, peak, and flush for two multiple cycles are shown in Figure 6c, d (n=3 replicate tests). 
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For all tests, the LIG SC-ISE was slightly lower than the commercial electrodes, and in most 
tests the commercial NO3
- electrodes overpredicted the NO3
- concentration. Based on an 
ANOVA test, there was no significant difference (p < 0.001, α = 0.05) between LIG and 
commercial electrodes in any test. In addition, there was no significant difference between the 
response times for each electrode in the column studies.  
 
Figure 6. Soil column studies with LIG SC-ISEs compared to commercial ion probes. 
Representative real time plots of (a) NH4
+ and (b) NO3
-
  ions during soil column flush 
experiments. Average nitrogen measured with LIG and commercial electrodes for (c) NH4
+ and 
(d) NO3
- ions.  Error bars represent standard deviation of the arithmetic mean (n=3). 
As a final proof of concept, nitrogen soil column studies were repeated using LIG SC-
ISEs for a nitrogen augmented soil (noted as Rich Earth) and a N-deficient soil (noted as 
Hardwood). Each column study was conducted for a load of 100 mg-N/kg-soil, which is on the 
high end of fertilizer loads for these types of soil.49  For the NH4
+ column studies (Figure 7a), 
both REI soils (138 ± 20 µM) and Hardwood soils (31 ± 10 µM) had baseline levels which were 
not significant, although the REI soil was significantly higher than the Hardwood soil, as 
expected given that the REI soil is irrigated with human urine.50 After adding a load of 50mg-
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N/kg-soil (5 g of soil), a characteristic pulse was recorded similar to the representative plots in 
Figure 3, and the mean of the steady state value used to represent peak runoff nitrogen. For REI 
soil, the peak NH4
+ (1.6 ± 0.1 mM) was significantly higher than Hardwood soil (0.8 ± 0.1 mM) 
and represented only 57% of the input N on a mass basis. This is common for NH4
+ column 
studies, as the NH4+ ion readily binds with particulate matter and biological materials within the 
column; thus, the mobility of soil NH4+ is relatively low.51 After flushing the column with 
100mL of DI water, the NH4
+ for REI (180 ± 80 µM) was higher than Hardwood (60 ± 40 µM), 
but only slightly higher than baseline values. This effect is also expected, as the desorption rate 
of NH4
+ is not homogenous as the ion is washed from the column, given the large number of 
functional groups which can interact with NH4
+.  
For the NO3
- column studies (Figure 7b), both REI soils (19 ± 4 µM) and Hardwood 
soils (7 ± 3 µM) had insignificant baseline levels, with REI slightly higher than Hardwood. After 
adding a 50 mg-N/kg-soil, the peak NO3
- from REI soil (589 ± 55 µM) was not as high as the 
Hardwood soil (727 ± 61 µM). These levels represent 75% and 87% recoveries of N on a mass 
basis for REI soil and Hardwood soil, respectively, which is expected, as soil NO3
- is highly 
mobile. After a DI water flush, the NO3
- concentration for REI soil (85 ± 23 µM) was not 
significantly different than Hardwood soil (73 ± 25 µM), and this remaining fraction accounts for 
approximately 10% of the total N load. The unaccounted fraction of NO3
- that remained in the 
column from the REI soils (approximately 10-15%) was assumed to be trapped within interstitial 
voids or adsorbed to biological material, although further studies are investigating this 
hypothesis in detail. 
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Figure 7.  Soil column studies with LIG nitrogen electrodes.  (a) Average NH4
+ concentration 
during column studies with addition of 1 mM NH4Cl. (b) Average NO3
- concentration during 
column studies with addition of 1 mM KNO3. Error bars represent standard deviation of the 
arithmetic mean (n=3). 
 
CONCLUSIONS   
LIG electrodes fabricated on polyimide/Epson printer paper with distinct laser pulse 
widths (10, 20, 30, 40, and 50 ms) were demonstrated.  The simple fabrication method employed 
represents the first example of a SC-ISE on LIG.  LIG samples created with a laser pulse width 
of 20 ms were determined to be the most effective electrode based on SEM, XPS, Raman 
Spectroscopy, and CV analysis.  Building on this result, LIG electrodes were functionalized with 
an NH4
+ or NO3
- selective ionophore membrane, resulting in a SC-ISE used to measure soil 
nitrogen.  ISEs were characterized in DI water and showed near Nernstian sensitivity of 51.7 ± 
7.8 mV/decade (NH4
+) and -54.8 ± 2.5 mV/decade (NO3
-), detection limit of 28.2 ± 25.0 uM 
(NH4
+) and 20.6 ± 14.8 uM (NO3
-), and a linear sensing range of 10-5-10-1 M.  A water layer test 
indicated the absence of a detrimental water layer known to form in SC-ISEs.  The LIG SC-ISE 
also employed within a complex sensing matrix (soil) and exhibited 96% recovery of added 
NH4
+ and 95% recovery of added NO3
-.  Soil nitrogen tests were conducted alongside 
commercial NO3
- or NH4
+ electrodes, and the flexible LIG SC-ISEs were not significantly 
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different, validating the use of this new low cost electrode for measuring soil nitrogen.  The 
overall sensing performance of the developed LIG SC-ISEs is comparable or slightly lower than 
comparable ISEs reported in the literature (i.e., a theoretical Nernst sensitivity of 59.2 
mV/decade has been reported42 and the detection limit of  10-9 M have been reported 52).  
However, the sensing capabilities of the LIG SC-ISEs created herein, using low-cost 
manufacturing (e.g., the use of a low-cost UV laser), are sufficient for low-cost fertilizer ion soil 
sensing and consequently present a path forward for resource limited research laboratories and 
companies to create said soil sensors. 
On a broader scale these LIG based electrodes are comparable to the recent trend of 
creating low-cost carbon-based electrodes via screen printing53-54 and inkjet printing10, 55 
solution-phase flakes in lieu of developing electrodes from more costly CVD graphene synthesis 
processes.  However, these solution-phase graphene printing techniques require metal screen 
masks, expensive printing equipment, development of a jettable ink, or post-print annealing 
processes that have complicated their fabrication.  The approach described herein represents a 
one step, low cost manufacturing pathway for LIG electrodes and is the first example using LIG 
for use in ion sensing.  Additionally, no metals such as metallic nanoparticles were needed to 
improve the electroreactive nature of the electrode, hence these LIG electrodes are amenable to 
scalable roll-to-roll manufacturing and suitable for use in disposable sensor technologies.  
Further work with these sensors could result in improved methods of in field precision 
agriculture monitoring56, water quality testing57, wearable sweat biosensing and energy 
harvesting58-61, and point of care diagnostics62-64. 
 
SUPPLEMENTAL INFORMATION 
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The Supplemental Information is available free of charge on the ACS Publications website at 
DOI: 
Schematics of electrodes used in all experiments, photograph of soil column sensor 
arrangement without soil, photograph of soil column with soil, optical profilometry of LIG 
surfaces at various laser pulse widths, Raman spectroscopy maps of the ID/IG ratio of a 20 × 20 
µm2  area of LIG for all laser pulse widths, Table of ID/IG ratios collected from Raman 
spectrograms of LIG at all laser pulse widths, XPS C1s peak deconvolution for 20 ms LIG 
sample, bending tests for LIG electrodes produced at all laser pulse widths, soil slurry recovery 
tests for NO3
- and NH4
+ LIG SC-ISEs, representative open circuit potentiometry plots 
(experimental and fitted model) for calculation of t95, photograph of water droplet on LIG 
electrode used for contact angle measurement at a laser pulse width of 20 ms 
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